The star-polygon brushless doubly-fed machine (SPBDFM) is a new type of wound-rotor machine and is attractive for variable-speed constant-frequency shaft generation system. The structure of rotor for the machine may be improving the conductor availability of the rotor windings. The kirchhoff laws is employed to illuminate the principle and some combinations of different slots and poles are presented as the examples. Harmonic analysis is also employed to analyze the magnetic motive force (MMF) waveform of rotor winding with the structure of star-polygon. Finally, the results are used to reveal that the SPBDFM is attractive for shaft generation system.
Introduction
The brushless doubly-fed machine (BDFM), having advanced recently, is a new type AC-excited motor, with the characteristics of synchronous motor and induction motor. There are two sets of symmetrical AC windings in the stator: the control winding with 1 pole-pair is connected via a power electronic converter and the power winding with 2 pole-pair is connected directly to the grid, and a set of symmetrical AC windings in the rotor. There haven't the direct contact between the two sets of stator windings on voltage or current, but through the couple of rotor magnetic field to realize modulation of two sets of stator rotating magnetic field which have different pole-pair, achieving the motor electrical and mechanical energy conversion and transmission [1] [2] [3] [4] . As a generator, the variable-speed constant-voltage constantfrequency sound generation features make its in the wind power generation, marine shaft power generation area; as a motor when the precise timing of its features make it in the higher speed requirements of place has a broad application prospects.
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The structure of rotor winding is a key factor affecting the performance of a BDFM, therefore rotor winding needs to be specially designed to achieve the requirement that rotor MMF couple the MMF generated by the stator control winding and power winding [5] [6] [7] [8] 
We have, by the principles of BDFM winding design, each K adjacent rotor slot is a basic unit, which is a minimum slot number group, named the smallest slot number group, also it is known as a phase of rotor winding. Obviously, each smallest slot number group has same winding connection means.
Current the design, it is known as the 'nested-loop' design. As a example, a rotor 54 slots, 1/2 pole-pairs 'nested-loop' is shown as Figure 1 . It has 3 nests, and there are 6 loops in each nest. Both the nested loop structure and the reluctance structure of BDFM are "magnetic field" type which by adjusting the flow path to achieve the rotor to couple the magnetic field of the two sets of stator winding. Because of the air gap is sinusoidal alternating magnetic field, rotor winding could not preferable realized coupling two kinds of stator magnetic field only by change the magnetic flux path. the "magnetic field" type structure has defect, such as follows: abundant harmonic MMFs; strong sub-pressure effect; for the relatively small pole-pair number, the winding pitch (nested loop) or the equivalent winding pitch (reluctance) is smaller, especially in the difference between two pole-pair is big, therefore, it is weak that the effect of magnetic coupling for the smaller of the pole-pair number.
In this paper, the rotor winding with "star-polygon" structure of the BDFM is presented. In the novel machine, the "star-polygon" topology is employed, by using this method, the phase current vector of rotor winding will shift a specified angle, and this shift will change the vector of rotor winding MMF, and improve the magnetic field distribution.
Structure and Working Principle of the Rotor
By Kirchhoff law, it's obviously that the phase current and the line current have a certain phase angle difference in time domain for the connection of polygon circuit. And motor rotor windings also have a certain phase difference in space. If using the space on the phase difference to compensate for the phase difference in time domain, it may be making the two parts of windings MMF generated by superimposed in space, then the windings are star -polygon connection can increase the number of pole-pair corresponding phase windings of the distribution coefficient, thus to improve the utilization of conductors. To achieve the above functions, the specific winding connection is required. As mentioned above, for the control winding 1 pole-pair and the power winding pole-pair, the rotor winding is divided into p p  is supposed. The principle of the rotor winding with the star-polygon structure is illustrated as follows. When the stator windings of 1 pole-pair are imposed with the currents, the gap space will generate the 1 pole-pair air-gap magnetic field [9, 10] . The expression of each phase induced electromotive force for the rotor windings is given by Equation (1). 
where rd and rs are each phase induced electromotive force amplitude of the polygon part winding and the star part winding respectively. Since each phase rotor winding is connected in the same manner, the amplitude of the induction electromotive force for the star part and polygon part are equal respectively. 1 
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 is the mechanical rotor shaft angle.  is the angle between the mechanical axis of the star part and polygon part for one certain phase rotor winding.
It can be seen from the symmetry of topological structure that the current of star part and polygon part are symmetry distribution respectively. Using equal (1) the rotor winding current may be written as 
where rd I and rs I are the current amplitude which are produced by the polygon part winding and the star part winding of each phase respectively. 0  is the angle which is between the electromotive force vector and the current vector. By the simplification, we define 0 0
It's obvious that the angle
In order to ensure that the ampere conductors per slot are the same value, the ratio of the current amplitude is : : 
From equation (4) and (5), it is can be seen that the angle of MMFs which are produced by star part and polygon part of the same rotor phase winding are adjusted as  . We have
Form the equation (4), (5) and (6), it is can be seen that the MMF angle between star part and polygon part of each phase is increased by  for 1 pole-pair, which is bound to reduce the composite MMFs; and the MMF angle that between star part and polygon part of each phase is reduced by p  for 2 pole-pair, which is bound to increase the composite MMFs. Because As a comparison, the rotor winding connection diagram in the general structure is shown in Figure 4 .
It is listed in Table 1 that the comparison of harmonic analysis for the resultant MMF produced by three kinds of winding (as shown in Figure3(b), Figure 4 and Figure 1) . The coil spans are chosen as 15 slots (y = 15) for the former two.
As listed in Table 1 , the rotor winding coefficient is decreased by 0.091 as form 1 pole-pair, and the rotor winding coefficient is increased by 0.128 as form 2 polepair. Obviously, the star -polygon structure can improve the overall utilization rate of the rotor windings effectively. Comparable to nested loop winding, the winding coefficient is decreased as form 1 pole-pair, just as form 2 pole-pair. But, the important, the star-polygon connection has significantly smaller in high harmonic MMFs. In the experiment, the 2 pole-pair winding is used as the power winding with a line voltage of 200 V rms (the phase voltage 115.5 V rms correspond). We keep the power winding output 5 kW ( cos 1
